Fluorescence imaging of living cells depends on an efficient and specific method for labeling the target cellular protein with fluorophores. Here we show that Sfp phosphopantetheinyl transferase-catalyzed protein labeling is suitable for fluorescence imaging of membrane proteins that spend at least part of their membrane trafficking cycle at the cell surface. In this study, transferrin receptor 1 (TfR1) was fused to peptide carrier protein (PCP), and the TfR1-PCP fusion protein was specifically labeled with fluorophore Alexa 488 by Sfp. The trafficking of transferrin-TfR1-PCP complex during the process of transferrin-mediated iron uptake was imaged by fluorescence resonance energy transfer between the fluorescently labeled transferrin ligand and TfR1 receptor. We thus demonstrated that Sfp-catalyzed small molecule labeling of the PCP tag represents a practical and efficient tool for molecular imaging studies in living cells.
Introduction
Real-time visualization of cellular events is critical for elucidating the complex mechanism of biological processes at the molecular level. To date, much of cellular protein labeling and visualization has been accomplished by expressing the protein of interest as a fusion to the green fluorescent protein (GFP) or its variants in order to study protein localization and dynamics in the living cell [1, 2] . Although GFP and related derivatives bear the drawbacks of large size (230 residues, 27 kDa), limited number of fluorescent variants, and relatively low intrinsic brightness, they are nevertheless the most extensively used fluorescent probes for protein labeling, mainly because they can be genetically encoded and expressed as fusions to the target protein. Despite the development of many synthetic fluorescent probes, from small molecules to nanocrystal quantum dots [3] , with excellent sensitivity and resolution for fluorescence *Correspondence: wessling@hsph.harvard.edu (M.W.-R.); dgolan@ hms.harvard.edu (D.E.G.); christopher_walsh@hms.harvard.edu (C.T.W.) 3 These authors contributed equally to this work. microscopy, the lack of efficient labeling methods to enable specific conjugation of the synthetic probes to the target protein in the context of a living cell reduces the potential utility of the synthetic probe toolbox.
Several strategies for labeling proteins with small molecules in the living cell [4] have been developed based on noncovalent binding of small molecule probes to an oligo histidine tag [5] , a single-chain antibody fragment [6] , or dihydrofolate reductase [7] fused to the protein of interest. However, noncovalent interaction between the probes and binding partners does not yield a stable complex and inevitably leads to signal deterioration with time as the probes progressively dissociate from the target protein. Although a covalent labeling method is preferable, currently available methods suffer drawbacks. For example, biarsenical dyes [8] have been used for site-specific labeling of the CCXXCC motif fused to the target protein, but the cell needs to be treated with micromolar concentrations of dithiols during the labeling reaction, and the background labeling is high [9] . In another method, human O 6 -alkylguanine-DNA alkyltransferase (hAGT) is fused to the target protein, and protein labeling is achieved by transferring the alkyl group of an O 6 -alkylguanine derivative to a cysteine residue on hAGT [10] . The main drawback of this method is that the size of hAGT is large (207 residues) and hAGT-deficient cell lines need to be used for protein labeling. A recent report showed that biotin ligase can be used to transfer biotin to a 15 residue peptide fused to the target protein, which can then be labeled with fluorophores conjugated to streptavidin. Although in this case the size of the peptide tag is small, a multistep procedure involving streptavidin binding must be performed in order to label cell surface receptors with fluorophores [11] .
We recently developed a general strategy for sitespecific labeling of proteins with small molecules by the posttranslational modification enzyme phosphopantetheinyl transferase Sfp [12] . The target proteins are expressed as fusions to an 80 residue peptide carrier protein (PCP) excised from a nonribosomal peptide synthetase (NRPS), such that Sfp catalyzes the covalent modification of a specific serine residue on PCP to yield the small molecule-phosphopantetheinyl conjugate. The specific and efficient labeling reaction targets PCP fusion proteins in cell lysates. The PCP tag has been shown to be compatible with diverse proteins, and Sfp-catalyzed PCP modification can be carried out with various small molecule probes conjugated to coenzyme A (CoA) [13, 14] , highlighting the potential of the PCP tag for site-specific protein labeling with small molecules. Similar to this strategy, it was reported recently that a-agglutinin receptor and G protein-coupled receptor neurokinin-1 could be fused to the acyl carrier protein from E. coli and specifically labeled with fluorophores by E. coli phosphopantetheinyl transferase [15] .
Here we describe the application of the Sfp-catalyzed protein labeling strategy for imaging the endocytic pathway of transferrin receptor 1 (TfR1). Moreover, we show that, by specific labeling of TfR1 and 
Results and Discussion
Transferrin-mediated iron uptake represents the major mechanism used by vertebrate cells to acquire iron from the environment [17, 18] . Upon binding of diferric transferrin to TfR1, internalization of the holo transferrin-TfR1 complex occurs through clathrin-dependent endocytosis. The holo transferrin-TfR1 complexes are first delivered to early endosomes, where transferrin releases iron within an acidic environment. Apotransferrin then remains bound to TfR1 until the complex recycles back to the cell surface, where it dissociates at a neutral pH [19, 20] (Figure 1 ).
TfR1 is a homodimeric type II transmembrane protein with a small N-terminal cytoplasmic domain, a singlepass transmembrane region, and a large extracellular domain [21, 22] . Recent structural analysis of the human TfR1-transferrin complex, obtained by cryo-EM, has revealed that each TfR1 dimer binds two transferrins with a two-fold symmetry and that the extracellular C terminus of TfR1 is not involved in the binding of transferrin to TfR1 [23] (Figure 2 ). We thus rationalized that attachment of the PCP tag to the C terminus of TfR1 would not interfere with ligand binding, such that the TfR1-PCP fusion should remain functional in transferrin-mediated iron uptake. By fusing the PCP tag to the C terminus of TfR1, PCP would also be anchored on the surface of the cell and would therefore be available for the protein labeling reaction catalyzed by exogenously added Sfp.
Construction and Biochemical Characterization of TfR1-PCP Fusion Receptor
PCP from gramicidin NRPS [12] was fused to the C terminus of TfR1 cloned into the plasmid pcDNA3.1(+) TfR [24] to generate plasmid pcDNA3.1(+) TfR1-PCP. TRVb cells [25] , a Chinese hamster ovary cell line that lacks endogenous TfR1, were used for stable expression of TfR1-PCP upon cotransfection with pcDNA3.1(+) TfR1-PCP and pBABE carrying a puromycin resistance gene. TRVb/TfR1-PCP cells were established using puromycin selection.
To functionally characterize the TfR1-PCP fusion receptor, 55 Fe uptake and 125 I-labeled diferric transferrin binding studies were performed. Results on TRVb/ TfR1-PCP cells were compared to those on TRVb cells, the parental line, as well as TRVb1 cells, which stably express wild-type TfR1 [25] . As shown in Figure 3A , 
Live-Cell Labeling of TfR1-PCP by Sfp
To test the labeling of TfR1-PCP fusion receptor expressed on the surface of TRVb/TfR1-PCP cells with Sfp, biotin-CoA (1) and Sfp were added to the cell media and the labeling reaction was allowed to proceed for 20 min. After washing, the cells were lifted from the tissue culture plate and cell lysates were prepared for polyacrylamide gel electrophoresis (PAGE) under both nonreducing and reducing conditions. After electrophoresis, protein was transferred to PVDF membrane and blots were probed using horseradish peroxidase (HRP)-conjugated streptavidin (Figure 4 ). Under nonreducing conditions, a strong band at 190 kDa was observed, the size of TfR1-PCP homodimer. Reducing conditions yielded a strong band at 95 kDa, the size of TfR1-PCP monomer, while the band at 190 kDa disappeared. These results indicated that TfR1-PCP was efficiently labeled, and the labeling reaction did not disrupt receptor dimerization. Control experiments, carried out with either biotin-CoA or Sfp excluded from the labeling reaction, failed to produce specific labeling. Two faint bands migrating slightly above and below the TfR1-PCP monomer at 95 kDa, which were observed in the absence of biotin-CoA or Sfp, were also present in control labeling reactions using the TRVb cells with no TfR1 expressed, and were most likely cellular proteins with streptavidin binding affinity or with biotin attached before the labeling reaction. The presence of these bands suggests that one common labeling method using streptavidin-fluorescent dye conjugates may give artificial results or high background.
The function of TfR1-PCP was probed further by com- 
FRET Imaging of TfR1-PCP Endocytosis upon Transferrin Binding
The small size of the PCP domain and the speed of the labeling reaction allowed live-cell labeling and facilitated dynamic studies of protein-protein interactions. We were therefore able to apply single-cell FRET imaging techniques to study the interaction of transferrin with its membrane receptor TfR1-PCP in TRVb cells. FRET refers to the nonradiative transfer of energy between two fluorophores, where the emission spectrum of the donor overlaps significantly with the excitation spectrum of the acceptor. The efficiency of energy transfer decreases as the sixth power of the separation distance between donor and acceptor fluorophores, restricting the detection of protein-protein interactions to distances of 1-10 nm. The most direct method of quantifying FRET is to measure the increase in acceptor fluorescence due to sensitized emission; however, this method is often complicated by signal-to-noise difficulties. We therefore adopted a donor dequenching method of quantifying FRET, in which the acceptor is photobleached and the subsequent recovery of donor fluorescence is measured; a partial photobleaching protocol was used to prevent photodamage [26] .
TRVb cells lacking endogenous TfR1 were transfected with pcDNA3.1(+) TfR1-PCP, and the expressed fusion receptors were labeled with CoA-conjugated Alexa Fluor 488 (2), the donor fluorophore, in the presence of Sfp. Cells were then incubated with media containing transferrin labeled with Alexa Fluor 568, the acceptor fluorophore, fixed at different time points, and 
Confocal Fluorescence Imaging and FRET Analysis
Confocal microscopy analysis of samples was performed using a Nikon TE2000U inverted microscope in conjunction with a PerkinElmer Ultraview spinning disk confocal system equipped with a Hamamatsu Orca ER Cooled-CCD camera. Images were acquired using a 60× differential interference contrast (DIC) oil immersion objective lens, and analyzed using Metamorph software from Universal Imaging, Inc (Molecular Devices, Downingtown, PA). Where applicable, images were processed by MetaMorph using 2D no neighbors deconvolution before 3D reconstruction. For FRET measurements, two images were acquired in each field of view in the Alexa Fluor 488 (donor) and Alexa Fluor 568 (acceptor) channels using laser confocal microscopy. The field was then bleached with intense light at 568 nm from an Hg arc lamp for 60 s, and a second set of images were acquired. The four images were then processed and relative FRET intensities were calculated based on protocols previously described [26] . Experiments were performed three times with equivalent results, and representative images are shown.
